Normal glucose tolerance is maintained by a precise balance between insulin secretion from pancreatic beta cells and insulin action on sensitive tissues, principally muscle, adipose tissue and liver [1, 2] . Patients with Type II (non-insulin-dependent) diabetes mellitus manifest impairments in insulin secretion and insulin action and an increased rate of endogenous glucose production [1±3]. The relative importance of these abnormalities in the pathogenesis of the disease has been debated for many years. It is now generally accepted that abnormalities in insulin secretion and insulin action contribute to the development of Type II diabetes, whereas the increase in endogenous glucose production is a later phenomenon. Insulin secretory dysfunction in Type II diabetes is both quantitative and qualitative [3±4]. In addition to a relative impairment in the amount of insulin released, the pattern of insulin secretion is abnormal. In this review, we focus on the critical role of impaired early insulin secretion in the pathogenesis of Type II diabetes.
incidence of the disease [6] . In this study, healthy adult subjects are admitted to the NIH Clinical Research Centre in Phoenix, Arizona for 10 to 14 days to undergo a series of tests including measurement of body composition (using either hydrodensitometry or dual-energy X-ray absorptiometry), glucose tolerance (75-g oral glucose tolerance test, OGTT), insulin secretion (25-g intravenous glucose tolerance test, IVGTT) and insulin action at physiological and supraphysiological insulin concentrations (2-step hyperinsulinaemic glucose clamp). Subjects are then followed longitudinally at approximately annual intervals. By the year 2000, over 500 individuals had participated in these detailed metabolic evaluations, many on several occasions over a number of years. Although the rate of Type II diabetes is much higher in the Pima Indians than in other populations, the pathogenesis of the disease in this group is, in most respects similar and therefore our conclusions are generally applicable to other groups.
Physiology of normal insulin secretion
A basic understanding of the physiology of normal insulin secretion is essential to defining and interpreting abnormalities of insulin secretion in people with diabetes. A detailed review of insulin secretory processes is beyond the scope of this article and is reported elsewhere [4, 7] .
Insulin secretion is phasic: In vitro studies. Exposure of isolated pancreatic beta cells to glucose results in a phasic pattern of insulin secretion [7] . The initial response to glucose is characterized by a rapid increase in insulin secretion followed by a decline to near basal rates. This acute response, which lasts 1 to 3 min, has been termed the rapid priming phase. Continued exposure of beta cells to glucose leads to a subsequent, slower second-phase of insulin secretion that can be maintained for several hours. A desensitization phase, characterized by sustained but lower insulin secretion can be demonstrated for up to 24 hours with prolonged exposure to glucose. The rapid initial phase of insulin secretion is believed to represent the release of insulin from mature secretory granules docked on, or in close proximity to, the beta-cell plasma membrane [8] . Subsequent phases of insulin secretion derive from stored secretory granules and, with prolonged exposure to glucose, de novo insulin synthesis.
Insulin secretion is phasic: In vivo studies. Phasic insulin secretion can also be demonstrated in vivo with the hyperglycaemic glucose clamp technique. This procedure uses a primed-variable intravenous infusion of glucose to produce a square wave of hyperglycaemia [9, 10] . In non-diabetic subjects, this results in an immediate increase in the plasma insulin concentration, which peaks 3 to 5 min after the start of the infusion. Continued infusion of glucose leads to a second-phase of insulin secretion that can be sustained for several hours. Figure 1 depicts the typical biphasic pattern of insulin secretion in 17 healthy middle-aged and older men [10] . In this study, increasing plasma glucose concentrations by 7.9 mmol above basal with the hyperglycaemic glucose clamp technique enabled clear delineation of first-and second-phase insulin secretory responses in vivo.
First-phase insulin secretion can be defined, therefore, as the rapid increase in insulin secretion that occurs immediately after exposure of beta cells to glucose and is completed within 10 min. Second-phase insulin secretion is the subsequent sustained increase in insulin secretion beginning 10 to 20 min after exposure to glucose which can last for several hours.
Measuring insulin secretion. Although the hyperglycaemic glucose clamp technique provides precise measures of first-and second-phase insulin secretion, this method is time and labour intensive. Consequently, many investigators, particularly those doing large, epidemiologic studies involving hundreds of persons, have used alternative methods for estimating insulin secretion [5, 11±20] . A number of studies, including those in Pima Indians, have measured first-phase insulin secretion in response to an intravenous glucose bolus [5, 11±15] . The mean response to a 25-g intravenous glucose challenge, a dose that maximally stimulates insulin secretion, in 272 Pima Indians with normal glucose tolerance is illustrated in Figure 1B . As shown, peak insulin responses occur 3 to 5 min after the injection of glucose and decline thereafter. The acute insulin secretory response to glucose (AIR), an index of first-phase insulin secretion, is calculated as the mean incremental increase in plasma insulin concentration in samples obtained 3, 4, and 5 min after the glucose bolus [5] .
Various estimates of insulin secretion have also been derived from insulin responses during oral glucose tolerance testing [16±20] . We recently examined the relation of several of these indices to the AIR [21] . The homeostatic model assessment of beta-cell function (HOMA-bC) calculated from fasting plasma insulin (I 0 ) and glucose (G 0 ) concentrations ([I 0 x 20]/ [ G 0 ±3.5]) correlated modestly with the AIR in subjects with normal glucose tolerance (r = 0.29, p < 0.01, n = 245). But was less strongly related in those with impaired glucose tolerance (r = 0.16, p < 0.05, n = 153). Indices of insulin secretion derived from 120-min OGTT insulin (I 120 ) and glucose (G 120 ) responses were similarly related to the AIR in normal glucose tolerant subjects (r values 0.23±0.26, p < 0.01) and were more strongly related in those with impaired glucose tolerance (r values 0.26±0.39, p < 0.01). Because indices derived from fasting insu-lin and glucose concentrations primarily reflect basal rates of insulin secretion and indices derived from 2-h responses primarily reflect second-phase insulin release, it is not surprising that the correlation of these measures with an index of first-phase insulin secretion, the AIR, is rather low.
To estimate early insulin secretion using oral glucose tolerance data, indices have been calculated using 30-min insulin (I 30 ) and glucose (G 30 ) responses. In Pima Indians, correlation coefficients between the insulin-to-glucose ratio (I 30 /G 30 ), the insulinogenic index (DI 30 /DG 30 ) and the corrected insulin response ([I 30 /G 30 ]x[G 30 ±70]) and the AIR ranged from 0.49 to 0.52 (p < 0.01) in subjects with normal glucose tolerance and 0.54 to 0.61 (p < 0.01) in subjects with impaired glucose tolerance. The relation between DI 30 /DG 30 and AIR in patients with normal and impaired glucose tolerance is shown in Figure 2 . We have also recently reported that the AIR is correlated to the 30 min incremental insulin response to a mixed meal (r = 0.28, p < 0.01) [1] . Although DI 30 / DG 30 and AIR are highly correlated in both groups, indices of early insulin secretion derived from the OGTT explain a minority of the variance (less than one third) in the AIR and there is a great deal of variability in these. Interindividual differences in rates of gastric emptying and incretin effects could affect responses to the OGTT and meal, but not the AIR, thereby contributing to some of the observed variability. In addition, it is likely that indices derived from 30-min insulin responses reflect contributions of both first-and second-phase insulin secretory processes. Thus, whereas these indices are better surrogate measures of the AIR than those obtained from either fasting or 2-h responses, they are not necessarily equivalent to first-phase insulin secretion. To distinguish true ªfirst-phase secretionº (measured in vitro or in response to an intravenous glucose challenge) from indices derived from insulin responses during the first 30 min of an OGTT or meal test, the latter measures are usually referred to as ªearlyº insulin responses.
Early insulin secretion is important in maintaining normal glucose tolerance
Because the AIR is measured in response to an unphysiologic beta-cell stimulus (an intravenous glucose bolus), the relevance of this measure to normal physiology has been questioned. The fact that the AIR is correlated to early insulin responses during a mixed meal or an OGTT supports, but does not prove the hypothesis that first-phase insulin secretion is physiologically relevant.
A better understanding of the role of early insulin secretion in normal physiology has come from experimental studies in which early insulin secretion has been manipulated. Early studies using a depancreatized dog model demonstrated that a prompt insulin response was essential for normal glucose tolerance [22] . In humans, a study used a brief intravenous infusion of somatostatin has been used to suppress early phase insulin secretion in healthy control subjects during intravenous and oral glucose tolerance tests [23] . Infusion of somatostatin 5 min before and 15 min after the injection of glucose blunted firstphase insulin secretion (from 0±10 min) during the IVGTT by 80 %, but did not affect second-phase insulin secretion. This selective loss of first-phase insulin secretion led to a worsening of intravenous glucose tolerance (calculated from the glucose disappearance curve) compared to control studies. A similar infusion of somatostatin 5 min before and 15 min after ingestion of an oral glucose load also largely abolished early insulin responses (from 0±30 min). At 30 min, plasma insulin concentrations were less than a third of normal, but late insulin responses from 60 to 120 min were higher than in control studies without somatostatin. The ensuing loss of early insulin secretion, despite a hyperinsulinaemic secondphase response, markedly worsened oral glucose tolerance.
First-phase insulin secretion suppresses endogenous glucose production. To define the physiological role of first-phase insulin secretion in humans, the effects of loss of first-phase insulin secretion on glucose homeostasis during hyperglycaemic glucose clamps were studied [24] . Normal glucose tolerant subjects underwent 3 different studies; a control hyperglycaemic clamp in which glucose alone was infused, a second study in which glucose and somatostatin were infused and exogenous insulin was infused to mimic only the normal second-phase insulin response and a third study in which glucose and somatostatin were infused and exogenous insulin was infused to mimic first and second-phase insulin responses. Endogenous glucose production was suppressed by 90 % within 20 min of the initiation of the glucose infusion in study 1. In contrast, in study 2, loss of first-phase insulin secretion was associated with a blunted suppression of endogenous glucose production. At 60 min endogenous glucose production was 50 % of basal rate and even at 150 min it remained incompletely suppressed despite the infusion of exogenous insulin to mimic a normal second-phase insulin response. In study 3, replacement of first and second-phase insulin responses with an exogenous insulin infusion suppressed endogenous glucose production to rates similar to those seen in the control study 1.
In a similar set of experiments the temporal pattern, as well as the absolute increase in plasma insulin concentration, was shown to be important for the efficient suppression of endogenous glucose production in humans [25] . During hyperglycaemic glucose clamps, endogenous insulin secretion was suppressed with somatostatin and exogenous insulin was infused at a constant rate to increase plasma insulin to concentrations comparable to those achieved during a normal first-phase response, but without the typical biphasic pattern. Despite comparable plasma insulin concentrations, the absence of the normal biphasic pattern of insulin secretion was associated with impaired suppression of endogenous glucose production, which was less than half that observed in control hyperglycaemic glucose clamp studies (43 % vs 90 %).
Early insulin secretion primes insulin sensitive tissues. In vivo, the effect of insulin to increase glucose uptake is delayed because insulin must traverse an endothelial barrier before binding to insulin receptors on sensitive tissues such as skeletal muscle and adipose tissue [26] . Investigators have suggested that an important function of early insulin secretion is to rapidly increase tissue (as opposed to plasma) insulin concentrations to overcome this barrier [27] . Using a catheterized dog model to measure insulin profiles in hind-limb lymph, they compared the effects of insulin infusions that mimicked a normal biphasic pattern of insulin secretion with infusions that mimicked only the second-phase insulin response. During the biphasic insulin infusion, lymph insulin quickly reached and maintained a steady state (within 10 min), whereas during an insulin infusion that mimicked only second-phase secretion, a steady state was only achieved after 35 min and was lower than with the biphasic insulin infusion. In both experiments, the increase in tissue glucose uptake reflected the insulin profile in interstitial fluid (lymph) rather than the insulin profile in plasma, emphasizing the importance of the endothelial barrier in determining the time course of activation of insulin action.
Indirect effects of insulin to suppress endogenous glucose production. Insulin has rapid and direct effects on hepatocytes to inhibit glycogenolysis and gluconeogenesis in vitro. However, the time course for suppression of endogenous glucose production in vivo is unexpectedly slow, considering that insulin is secreted directly into the portal circulation and that hepatocytes lack an endothelial barrier. In fact, the pattern of suppression of endogenous glucose production closely parallels the action of insulin to suppress lipolysis [28, 29] . This led to the suggestion that suppres-sion of endogenous glucose production by insulin predominately results from insulin's inhibition of lipolysis in adipose tissue, rather than by direct effects on hepatocytes [28] . The inhibition of lipolysis, in turn, decreases the delivery of non-esterified fatty acids to the liver, thereby inhibiting endogenous glucose production. This`single gateway' hypothesis is supported by a number of experiments showing that the suppression of endogenous glucose production by insulin reflects decreases in plasma non-esterified fatty acids concentrations and can be prevented by infusion of lipid and heparin to maintain plasma freefatty acid concentrations at basal concentrations
The central role of early insulin secretion. Collectively, these data suggest that early phase insulin secretion is an important mechanism to rapidly shift metabolic processes from the fasting to the prandial state. During fasting, tissue insulin concentrations are low, lipolysis and circulating non-esterified fatty acids are high, and the glucose requirements of the brain and other tissues are met through endogenous glucose production. The initial increase in plasma glucose upon ingestion of a meal stimulates a rapid increase in insulin secretion which serves to optimally increase interstitial insulin concentrations. The anti-lipolytic effect of insulin on adipocytes causes a rapid decrease in non-esterified fatty acids and inhibition of endogenous glucose production. The early insulin response could also prime insulin-sensitive tissues to increase the efficiency of glucose disposal. Within minutes, the metabolic state is efficiently shifted from glucose production toward glucose disposal.
Insulin secretion is proportional to insulin action
A requisite for normal glucose tolerance is that the amount of insulin secreted must be proportional to tissue insulin sensitivity. Fasting and 2-h OGTT insulin concentrations are negatively correlated with insulin action and are often used as surrogate measures of insulin resistance [19, 20] . It is less widely appreciated that first-phase insulin secretion is also closely related to insulin action. A hyperbolic relation between the AIR and estimates of insulin sensitivity (S i ) derived by mathematical modelling of the plasma glucose and insulin curves following a frequently sampled intravenous glucose tolerance test has been described [30] . A similar hyperbolic relation between AIR and insulin action measured during a hyperinsulinaemic euglycaemic clamp (the M-value) is evident in data from 277 Pima Indians with normal glucose tolerance (Fig. 3) . Thus, in cross-sectional analyses, acute insulin secretory responses increase with decreasing insulin action (lower M-values) and vice versa, to maintain normal glucose tolerance. The recognition that measures of insulin secretion need to be interpreted with respect to the underlying degree of insulin resistance has been critical to understanding the role of insulin secretory dysfunction in the pathogenesis of Type II diabetes. We and others [30] have calculated the best-fitting regression model relating insulin secretion and action in subjects with normal glucose tolerance and, as a tool to compare groups at high risk for diabetes and to visualize longitudinal changes, have plotted insulin secretion and insulin action in selected subgroups relative to this normative data.
Cross-sectional studies: early insulin secretion is impaired in persons with impaired glucose homeostasis and those at high risk for diabetes Diabetes. Over 40 years ago, the pioneering studies of Yalow and Berson [31] showed that patients with Type II diabetes manifested abnormalities in early insulin secretion in response to an oral glucose challenge. Similar findings have been reported in many other groups [2, 32, 33] and are evident in the Pima Indians, as well. Figure 4 shows plasma glucose (A) and insulin (B) responses to a 75-g OGTT in Pima Indians with normal glucose tolerance, impaired glucose tolerance and early diabetes. The total insulin response among patients with diabetes is quantita- (Fig. 4C ). Relative to their degree of hyperglycaemia, however, persons with diabetes manifest an impairment in insulin secretion. Persons with impaired glucose tolerance, in contrast, secrete almost twice as much insulin (485 nmol/l/180 min, p < 0.0001) than those with normal glucose tolerance (Fig. 4C ). More striking is the alteration in the temporal pattern of insulin secretion among patients with diabetes. Whereas subjects with normal and impaired glucose tolerance have brisk increases in insulin 30 min after the ingestion of glucose, those with diabetes on average manifest a blunted and delayed response ( Fig. 4B ) on average. Thus, the mean 30-min incremental insulin response among those with diabetes is less than 20 % of the mean response in persons with normal glucose tolerance (Fig. 4D ). Among persons with impaired glucose tolerance, this response also tends to be lower. A similar degree of impairment in early insulin secretion can be observed in response to a mixed meal challenge in persons with diabetes (data not shown).
The finding of low early (30 min) insulin responses to oral glucose and mixed meal challenges suggest that first-phase insulin secretion is impaired in those with diabetes. This is, in fact, the case. In 1967 a study showed that first-phase insulin responses to an intravenous glucose challenge were markedly lower in subjects with Type II diabetes [34] . This finding has subsequently been replicated in a number of studies [35±37] . Marked impairment in first-phase insulin secretory responses to intravenous glucose at a very early stage in the development of hyperglycaemia was shown and by the time fasting plasma glucose concentrations exceeded 6.4 mmol/l, first-phase insulin responses were found mostly absent [35] . Similar findings are evident in Pima Indians (Fig. 5) . When the AIR is plotted as a function of fasting plasma glucose concentration it is apparent that very few per- ) and diabetes (DIA, *). There were no significant differences between NGT and DIA in the insulin response above basal (C), but responses were significantly higher (p < 0.0001) in those with IGT. The increment in 30 min insulin above basal (D) tended to be slightly lower (p = 0.15) in those with IGT than in those with NGT but were 80 % lower (p < 0.0001) in those with diabetes. All values were adjusted for age, sex and % body fat and, in addition, the 30 min response was adjusted for insulin action (M-low) sons with a fasting plasma glucose concentration above 6.1 mmol/l, the lower cutoff for the recently defined category of impaired fasting glucose [38] , are able to mount even a minimal response to the intravenous glucose challenge.
Since early phase insulin secretion plays a key role in the normal suppression of endogenous glucose production in response to a meal, loss of the normal insulin secretory pattern could contribute to postprandial hyperglycaemia in patients with diabetes. Rates of endogenous glucose production (using tracer intravenous infusions of H]-glucose) and glucose absorption (labelled with [2] [3] H]-glucose) were measured in patients with diabetes and non-diabetic control subjects [39] . Both groups had comparable rates of absorption of glucose. In non-diabetic subjects, endogenous glucose production was promptly suppressed by more than 50 % within 30 min of the meal. In contrast, in patients with diabetes, endogenous glucose production was approximately 50 % higher at baseline and was not suppressed until 2 hours after ingestion of the meal. Thus, the hyperglycaemic response to a standard meal in patients with diabetes is attributable to inadequate suppression of endogenous glucose production resulting from impaired or absent early insulin secretion.
Impaired glucose tolerance. While it was widely acknowledged that persons with diabetes manifested an impairment in first-phase insulin secretion, there was, for many years, considerable controversy about whether this was also true in subjects with milder degrees of glucose intolerance. First-phase insulin secretion and early insulin responses have been reported to be lower in subjects with impaired glucose tolerance than in those with normal glucose tolerance in some studies [40±44] , whereas other studies have found no differences or even higher responses in those with impaired glucose tolerance [45, 46] . Not all studies have adequately accounted for the underlying degree of insulin resistance, thus contributing to some of the disparities between studies. However, even after controlling for insulin resistance, it is apparent that first-phase insulin secretion is much more variable in those with impaired glucose tolerance, in contrast to the uniformly low acute insulin secretory responses among patients with diabetes. Some individuals with glucose intolerance have an AIR in the ªnormal rangeº (in absolute terms) while some lack a response altogether. Some of this heterogeneity could reflect inherent biological differences between subjects in cross-sectional studies. For example, a recent longitudinal study by our group showed that the AIR is lower in subjects with impaired glucose tolerance who progress to diabetes than in those who revert to normal glucose tolerance [47] . Heterogeneity in the selection of subjects based on their degree of hyperglycaemia also might have contributed to conflicting findings since the classification of glucose intolerance is somewhat arbitrary and does not reflect the continuous nature of defects in insulin secretion with increasing glucose concentrations [48] . We have recently shown that, on average, subjects with isolated impaired fasting glucose (fasting plasma glucose concentrations 6.1±7.0 mmol/l and 2-h glucose concentrations < 7.8 mmol/l) have more severe defects in first-phase insulin secretion than those with isolated impaired glucose tolerance (fasting plasma glucose concentrations < 6.1 mmol/l and 2-h glucose concentrations between 7.8±11.1 mmol/l) [49] . This is depicted in Figure 6 in which the mean AIR is plotted as a function of the mean M-value for each group with glucose intolerance. Thus the defect in the AIR is more severe in those with higher fasting plasma glucose concentrations (Fig. 5) . Nevertheless, compared to the normal range (Fig. 3 ), all groups with glucose intolerance manifest an impairment in insulin secretion relative to their greater degree of insulin resistance. These results illustrate the importance of considering the degree of underlying insulin resistance when evaluating the adequacy of insulin secretion and highlight the heterogeneity among groups with varying degrees of glucose intolerance.
Persons at high risk for Type II diabetes. Although cross-sectional studies clearly indicate that persons with diabetes and impaired glucose tolerance manifest impairments in insulin secretion and insulin action, it is not possible to ascertain from these studies whether the observed abnormalities are primary, con- tributing to the development of the disease, or whether they are secondary to the metabolic derangements such as mild hyperglycaemia, inherent in these conditions. Consequently, the metabolic characteristics of certain groups of normal glucose tolerant subjects at high risk of diabetes are of considerable interest, both for what they tell us about these groups in particular and for the insights they provide about the pathogenesis of diabetes in general.
Family history of diabetes. A history of diabetes in a first-degree relative substantially increases an individual's risk of developing diabetes. Among Pima Indians, the offspring of parents who developed diabetes before age 45 are at a two-to fourfold increased risk for developing diabetes relative to those whose parents developed diabetes at a later age [6] . A number of studies have found that the offspring of patients with Type II diabetes manifest impairments in first-phase insulin secretion [49±51]. We have recently shown that in addition to impairments in the AIR, insulin secretory responses during graded glucose infusions were lower (p < 0.01) in normal glucose tolerant Pima Indians whose parents had early onset diabetes compared to subjects whose parents had late onset diabetes [52] .
Gestational diabetes. Women who have had gestational diabetes represent another group at high risk for developing diabetes. Impairments in first-phase insulin secretion have been shown in white and African-American women who had gestational diabetes and were studied several months post-partum after their glucose tolerance had returned to normal [53, 54] .
Offspring of diabetic pregnancies. The offspring of women who were diabetic during pregnancy are at high risk for developing impaired glucose tolerance and diabetes [55±58] . Among the Pima Indians, almost half of the children of mothers who were diabetic during pregnancy developed diabetes by age 24 compared to only 9 % of those whose mothers became diabetic after delivery [55] . We have recently shown that the AIR is 40 % lower in the normal glucose tolerant offspring of Pima Indian women who were diabetic during pregnancy than the offspring of women who also developed diabetes at an early age but after the birth of the subject [52] . As with the offspring of parents who developed diabetes at an early age, these subjects had no apparent impairment in insulin action. Thus, although these young adults were still normal glucose tolerant, they clearly lie outside of the normal range, consistent with their high risk of progressing to diabetes (Fig. 6B) . NFG, normal fasting glucose (fasting glucose < 7 mmol/l); NGT, normal glucose tolerance (2-h glucose < 7.8 mmol/l); IFG, impaired fasting glucose (fasting glucose > 6.1 but < 7 mmol/l); IGT, impaired glucose tolerance (IGT, 2-h > 7.8 mmol/l but < 11.1 mmol/l); DFG, diabetic fasting glucose (fasting glucose > 7.1 mmol/l) and DGT, diabetic glucose tolerance (2-h glucose > 11.1 mmol/l) [46] . B Relation between the AIR and insulin action (M-low) in the normal glucose tolerant offspring of Pima women who were diabetic during pregnancy (ODM) and a control group of normal glucose tolerant Pimas matched for age, sex and obesity whose mothers were non-diabetic during pregnancy, but subsequently developed diabetes (ONDM). In both graphs, the curved lines represent the mean 95 % confidence interval for the relation among 277 Pima Indians with normal glucose tolerance
Prospective studies: Low early insulin secretion predicts Type II diabetes
The observation of low first-phase insulin secretion in normal glucose tolerant subjects who are at high risk for diabetes strongly suggests that this finding is not secondary to mild hyperglycaemia and instead, could be a primary metabolic abnormality. However, determination of the metabolic abnormalities that independently predict diabetes requires prospective studies in which insulin secretion and insulin action are measured in non-diabetic subjects who are followedup for several years to ascertain who develops diabetes. Insulin resistance, whether inferred from fasting plasma insulin concentrations [19, 20] or directly measured using either the frequently-sampled intravenous glucose tolerance test [14, 15] or the hyperinsulinaemic glucose clamp [5] , is a consistent predictor of diabetes in various populations but whether defects in early insulin secretion also predict the development of diabetes has been more controversial. Studies in Sweden [11±13] as well as those in the Pima Indians [5] have shown that the acute insulin secretory response to intravenous glucose is an independent predictor of the development of diabetes, particularly when insulin resistance is taken into account. Similarly, a low incremental 30 min insulin response during oral glucose tolerance testing was found to be a predictor of the development of diabetes in MexicanAmericans, independent of obesity and fasting insulin concentrations [20] . Not all prospective studies however, have shown that low first-phase or early insulin secretion predicts diabetes [14, 15] .
We have recently re-examined the extent to which AIR and M predict diabetes among Pima Indians (updating studies done in 1993 [5] ). Among 262 Pima Indians with initially normal glucose tolerance who underwent measurements of insulin action (Mvalue) and AIR to intravenous glucose, 48 developed diabetes over an average follow-up of 7 years. Insulin resistance and a low AIR each predicted the development of diabetes independently of obesity and independently of one another. The incidence of diabetes was highest among subjects in the lowest tertile of insulin action and insulin secretion (Fig. 7) . This group had a cumulative incidence of diabetes of 65 % over 7 years. In contrast, none of the subjects whose insulin action and AIR were in the highest tertile developed diabetes. Subjects with a low AIR but a normal M-value and those with a normal AIR and a low Mvalue had an intermediate risk of developing diabetes. These data indicate that a low AIR is a predictor of developing diabetes, independent of obesity and insulin resistance. Moreover, in contrast to earlier analyses which included fewer subjects and had a shorter duration follow-up [5] , both insulin resistance and a low AIR conveyed a similar risk of diabetes.
Although this finding indicates that a low AIR is an independent risk factor for diabetes among persons with normal glucose tolerance, it does not establish whether impaired first-phase insulin secretion predicts worsening of glucose tolerance at each stage of the disease or whether the predictive effects of a low AIR diminish once an individual develops impaired glucose tolerance. To address this question, we have separately analysed the predictive effect of insulin resistance and a low AIR on progression at each stage in the development of diabetes [59] . These analyses indicate that both insulin resistance and a low AIR independently predict progression from normal to impaired glucose tolerance and, separately, from impaired glucose tolerance to diabetes [59] .
Longitudinal studies: early insulin secretion declines progressively during the transition from normal glucose tolerance to diabetes Although prospective studies have established that both insulin resistance and a low AIR predict diabetes and moreover, predict progression at each stage of the development of the disease among the Pima Indians, these studies do not describe the temporal sequence of events in the metabolic deterioration that ultimately leads to diabetes. Such information can only be obtained from longitudinal studies, in which insulin action and insulin secretion are measured at each stage in the development of diabetes. The Pima Indians of Arizona are an ideal population for studies of this nature because of their high incidence of diabetes and their geographic stability rela- Fig. 7 . Cumulative incidence of diabetes among 262 Pima Indians with initially normal glucose tolerance who had measurements of the acute insulin secretory response to intravenous glucose (AIR) and insulin action (M-low) at baseline and who were followed an average of 7 years. Subjects were divided into tertiles of AIR and M-low tive to other populations. We recently examined the progression to diabetes in 17 Pima Indians who underwent detailed metabolic characterizations on at least 3 occasions, at baseline when they initially had normal glucose tolerance, again when they had impaired glucose tolerance and finally, when they had transitioned to diabetes [47] . Data from these 17 progressors were compared with those obtained in 31 Pima Indians who maintained normal glucose tolerance (non-progressors) and were studied at least 3 times over a similar period of time. During the period of observation, which averaged 5 years in both groups, the progressors gained over 13 kg, which was twofold greater than the average weight gain experienced by the non-progressors. In parallel with this weight gain, insulin action assessed at physiological insulin concentrations declined 14 % during the transition from normal glucose tolerance to diabetes in the progressors and 11 % in the non-progressors. The AIR, which in absolute terms was not different between the groups at baseline, declined 27 % (p < 0.05) during the transition from normal to impaired glucose tolerance and another 51 % (p < 0.0001) during the transition from impaired glucose tolerance to diabetes in the progressors. In contrast, in the non-progressors, the AIR actually increased by 30 % over the period of observation. The relation between the changes in early insulin secretion and insulin action in both groups is shown in Figure 8A in which the AIR is plotted as a function of insulin action. Although the AIR did not differ between the two groups at baseline, it is evident from this plot that relative to their degree of insulin resistance, early insulin secretion was inappropriately low in the progressors even when they had normal glucose tolerance. In addition to this ªprimaryº defect in early insulin secretion, progression from normal to impaired glucose tolerance and then to diabetes was associated with a steep decline in early insulin secretion but only a modest decline in insulin action. In contrast, in the 31 nonprogressors, early insulin secretion was appropriate for the degree of insulin action at baseline and increased, rather than decreased, in response to a similar decrease in insulin action. Thus, non-progressors were able to maintain normal glucose tolerance by compensating for the development of insulin resistance with increased insulin secretion. These results show the critical role of impairments in early insulin secretion in the pathogenesis of Type II diabetes.
Determinants of first-phase insulin secretion
Given the evidence that first-phase insulin secretion is important in maintaining normal glucose tolerance, knowledge of the determinants of first-phase insulin secretion is necessary to fully understand the causes of Type II diabetes.
Genetic determinants. Several lines of evidence indicate that first-phase insulin secretion is influenced to a substantial degree by genetic factors. First, the observation that the offspring of parents with Type II diabetes manifest impairments in early insulin secretion well before they develop glucose intolerance suggests that low first-phase insulin secretion is an early and inherited abnormality, rather than a secondary phenomenon [49±51]. Second, several studies have indicated that insulin secretion is highly familial [60±63] . A study estimated the heritability of insulin responses to a glucose infusion to be 0.47 to 0.92 in subjects from 155 nuclear families (96 of which were ascertained through a parent with Type II diabetes) [60] . Among the Pima Indians, analyses of the familiality of insulin responses to an intravenous glucose tolerance test yielded heritability estimates of 0.6 to 0.7 [61, 62] . This indicates that approximately two thirds of the variance in first-phase insulin secretion can be attributed to familial factors. Similar estimates of the heritability of first-phase insulin secretion were recently reported in a study of Scandinavian monozygotic and dizygotic twins [63] . Third, there are marked ethnic differences in first-phase insulin secretion. Paradoxically, non-diabetic members of ethnic groups at high risk for diabetes, including Pima Indians [64] , Mexican-Americans [65] and AfricanAmericans [65] , are characterized by higher firstphase insulin secretory responses than white subjects. These differences in insulin secretion are not attributable to differences in body composition or insulin action and are an early finding, apparent even in subjects with normal glucose tolerance. Of note, various rodent models of diabetes, such as the Zucker diabetic rat, also manifest exaggerated insulin secretory responses before the development of diabetes suggesting that this characteristic could be an early manifestation of a dysregulated beta cell. Finally, although specific genes affecting insulin secretion in Type II diabetes have yet to be identified, recent studies of maturity onset diabetes of the young (MODY) have established that single gene mutations that affect pancreatic beta-cell development or function (hence, insulin secretion) can cause diabetes [66±69].
Acquired determinants. A number of environmental and metabolic conditions can affect first-phase insulin secretion as well.
A defect in first-phase insulin secretion can be acquired from exposure to a diabetic environment in utero. Several studies have indicated that the offspring of diabetic mothers are at increased risk for developing impaired glucose tolerance and Type II diabetes [55±58]. Although not widely studied in humans, among Pima Indians in utero exposure to diabetes resulted in approximately a 40 % impairment in the AIR (Fig. 6B) [52] . The observation that the offspring of rats made mildly diabetic during preg-nancy have reduced insulin secretion in response to glucose [70] has led to the hypothesis that intrauterine exposure to hyperglycaemia during critical periods of fetal development`programs' the developing pancreas in a way that negatively affects subsequent insulin secretory function.
A diet that is high in saturated fat can have deleterious effects on early insulin secretion. Both Pima Indian and Caucasian adults exposed to a ªmodernº high fat diet (50 % of calories from fat) experienced declines in glucose tolerance associated with impairments in the AIR relative to a ªtraditionalº Pima diet (15 % of calories from fat) [71] .
While it is widely believed that obesity is associated with insulin hypersecretion, after accounting for the concomitant insulin resistance, impairments in insulin secretion can be observed in obese subjects at high risk for diabetes. It has been shown that among obese non-diabetic subjects with a strong family history of Type II diabetes, the compensatory increase in the acute insulin response to glucose was inadequate for maintaining a normal disposition index (AIR S I ) [72] . In addition to the degree of obesity, the pattern of fat deposition could be an important determinant of the acute insulin response. Among white subjects, the AIR correlates with indices of body fat distribution [73] . In contrast, among Pima Indians the AIR is not related (p = 0.66) to the waist-to-thigh ratio (an index of body fat distribution) after adjusting for age, sex, percent of body fat and insulin action in multiple regression analyses, nor is it related to the amount of visceral fat [74] .
Longitudinally, we have shown that weight gain could lead to a relative impairment in early insulin secretion, especially among subjects with glucose intolerance [75] . In Pima Indians, a 10 % weight gain was associated with an approximately 40 % decrease in the AIR in those with impaired glucose tolerance, but not in those with initially normal glucose tolerance (Fig. 8B) . Importantly, a similar amount of weight loss can largely normalize the impairment in the AIR in this group.
The effects of weight gain on acute insulin secretion might be mediated, in part, through the effects of increased non-esterified fatty acids. The relation of insulin secretion to fatty acid availability is complex [76±78]. Non-esterified fatty acids are necessary for normal insulin secretory responses and acutely, free-fatty acids augment glucose-stimulated insulin secretion [76] . Chronic exposure of islets to increased non-esterified fatty acids could, however, inhibit insulin secretion [76] . This could relate to the accumulation of triglycerides (and an increase in intracellular long-chain ocyl-CoA concentrations) within beta cells [77] . Among first degree relatives of persons with Type II diabetes the AIR was shown to be inversely related to fasting free-fatty acid concentrations [79] . Furthermore, infusing lipid and heparin to Fig. 8 . A Relation of the acute insulin secretory response (AIR) to insulin action (M) at each stage of the progression to diabetes in 17 Pima Indians who were initially studied when normal glucose tolerant (NGT) and were restudied when they had impaired glucose tolerance (IGT) and finally after progressing to diabetes (DIA) over an average of 5 years (Progressors). Responses in progressors are compared with those in 31 patients who remained NGT and were studied 3 times over a comparable period of time (Non-progressors). B Effects of a 10 % weight loss or weight gain in Pima Indians with normal glucose tolerance (NGT) and impaired glucose tolerance (IGT). In both graphs, the curved lines represent the mean 95 % CI for the relation between AIR and M-low among 277 Pima Indians with normal glucose tolerance increase circulating non-esterified fatty acids potentiated first-phase insulin secretion in the short term (6 h) but inhibited first-phase insulin secretion if continued for a longer period (48 h) [80] , whereas decreasing non-esterified fatty acids with acipimox augmented insulin secretion [79] .
Unger [77] and McGarry [76, 78] who coined the term ªlipotoxicityº to describe the detrimental effect of fatty acids on insulin secretion, have proposed that this mechanism could play a critical part in the progressive impairment in insulin secretion that leads to the development of diabetes. This theory is based, in large part, on observations in the Zucker diabetic rat but is also supported by clinical research studies in humans, similar to those described above.
As glucose intolerance develops, chronic hyperglycaemia, while initially potentiating basal and second-phase insulin secretion, can exert detrimental effects on first-phase insulin secretion [81] . This, in turn, can worsen post-prandial glucose tolerance further impairing insulin secretion in a vicious cycle. The plasma glucose concentration at which`glucotoxicity' becomes an important factor is not known but analysis of the relation of the AIR and fasting glucose concentration suggests that this can occur at fasting glucose concentrations in the ªupper normalº range. An important characteristic of glucotoxicity is that it is, at least initially, somewhat reversible. An overnight infusion of insulin to lower blood glucose concentrations into the normal range is associated with an improvement, although not with normalization, of insulin secretion [82] . Similarly, patients with early diabetes who are placed on a hypocaloric diet that normalizes fasting blood glucose concentrations experience a progressive improvement in first-phase insulin secretion over a period of several months [83, 84] . Defects in insulin secretion in hyperglycaemic, 90 % depancreatized rats can be completely prevented by treatment with phlorizin which corrects the hyperglycaemia without direct pancreatic effects [85] .
Early insulin secretion as a therapeutic target
Restoring first-phase insulin secretion improves glucose tolerance. Because loss of early insulin secretion is apparently a critical event in the development of glucose intolerance, the potential therapeutic effects of augmenting early insulin secretion are of interest. The effects of restoring early insulin secretion have been studied in a series of experiments conducted in eight patients with Type II diabetes [86] . The investigators observed that an intravenous insulin infusion given during the first 30 min of an oral glucose tolerance test to mimic normal early insulin secretory responses markedly improved glucose tolerance and lessened late hyperinsulinaemic responses. Early insulin replacement also caused non-esterified fatty acids and glucagon to decline at a faster rate. The improvement in glucose tolerance was not simply due to the additional insulin, as a continuous infusion of an identical amount of insulin had no effect on the glycaemic response. These investigators also showed that the timing of the insulin infusion was critical, as delaying the infusion by 30 min (insulin infused from 30±60 min vs 0±30 min) did not improve glucose tolerance. Thus, these studies not only showed the critical importance of early insulin responses in determining the glycaemic response to the meal, they also established the therapeutic potential of augmenting early insulin secretion.
Rapid acting insulin preparations. Intravenous infusion of insulin is obviously not a practical clinical intervention. However, the recent development of rapidacting insulin analogs has provided another means to test the clinical benefit of replacing early insulin secretion in patients with Type II diabetes. The effects of rapid-acting lispro insulin and regular insulin administered before an oral glucose challenge in eight patients with Type II diabetes have been compared [87] . In addition to measuring plasma glucose and insulin responses, endogenous glucose production was measured using an infusion of H)-glucose and the rate of appearance of ingested glucose into the circulation was measured with (6-13 C)-glucose. Plasma insulin concentrations peaked earlier with lispro (60 vs 120 min), but were lower during the last 3 h of the study. In spite of a lower late insulin response, the glucose area under the curve was 46 % lower with lispro than with regular insulin. The difference was attributable to a prompter and more complete suppression of endogenous glucose production with lispro than with regular insulin, as rates of appearance of ingested glucose did not differ between treatments. Pulmonary administration of regular insulin, which is in advanced clinical development, also has a pharmacodynamic profile suggesting that it could have utility in replacing the early insulin response and thus controlling postprandial hyperglycaemia [88] .
GLP-1. Drugs targeting the glucagon-like peptide (GLP-1) receptor might also prove efficacious in augmenting endogenous early insulin secretion and thus controlling post-prandial hyperglycaemia. GLP-1 is a potent, naturally occurring hormone that increases insulin secretion in a glucose-dependent manner. In six patients with Type II diabetes, subcutaneous injections of GLP-1 improved insulin responses during the 30 min immediately after ingestion of a standard test meal compared to placebo [89] . This resulted in a 58 % decrease in the glucose area under the curve. In a separate study, an overnight infusion of GLP-1 was shown to improve first and second-phase insulin secretion during a hyperglycaemic glucose clamp in eight patients with Type II diabetes [90] .
Oral agents. Several studies have shown that sulfonlyureas augment first-phase insulin secretion [91±95]. This effect however, does not appear specific for first-phase insulin secretion, as basal and secondphase insulin secretion are increased as well. The tendency to enhance basal and second-phase insulin secretion could contribute to the propensity of these drugs to cause hypoglycaemia and could, in the long term, contribute to the loss of clinical efficacy of these agents.
In recent years, several new non-sulfonylurea insulin secretagogues have been developed. Pharmacologic characterization of these agents has suggested some important differences in the pattern of insulin secretion promoted by these and older agents [96±98]. The potential for newer agents to increase early insulin secretion and thereby lower prandial glucose excursions, without causing a concomitant increase in basal or second phase insulin secretion, suggests that they could offer advantages over first and second generation sulfonylureas by causing less hypoglycaemia and, potentially, preserving beta cell function.
Summary
Early insulin secretion is a critical metabolic event that efficiently switches metabolism from the fasting state, in which endogenous glucose production and non-insulin mediated glucose disposal predominate, to the prandial state in which endogenous glucose production is suppressed and insulin-mediated glucose disposal predominates. Both genetic and acquired factors can lead to impairments in early insulin secretion. As early insulin secretion declines, glucose intolerance develops. The development of post-prandial hyperglycaemia, characteristic of patients with impaired glucose tolerance, could contribute to worsening insulin secretion through the mechanism of glucotoxicity. Eventually, the defect in insulin secretion reaches a critical threshold, endogenous glucose production becomes dysregulated and frank hyperglycaemia develops. Enhancing early insulin responses improves glucose tolerance in patients with Type II diabetes. Thus, strategies to augment early insulin secretion represent a novel approach to improving glycaemic control in patients with Type II diabetes mellitus and could even prove useful in preventing the metabolic decompensation characteristic of the progression to diabetes.
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